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ABSTRACT 


The  ternary  titanium-tantalum-carbon  system  was  investigated 
using  X-ray,  DTA,  melting  point,  and  metallographic  techniques  on 
chemically  analyzed  alloys ;  a  complete  phase  diagram  for  temperatures 
above  1500*C  was  established. 

The  system  contains  a  rather  high  melting,  continuous  monocarbide 
solid  solution  with  a  large  carbon  defect;  a  moderate  titanium -tantalum 
exchange  occurs  in  both  the  high  and  low  temperature  modifications  of  the 
subcarbide,  Ta2C. 

Two  four -phase  reaction  planes  are  present  in  the  metal-rich  portion 
of  the  ternary  diagram. 

The  results  of  this  investigation  are  described,  discussed,  and 
compared  with  another  partial  investigation  of  this  system;  possible  applica¬ 
tions  are  briefly  mentioned. 
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I-  INTRODUCTION  AND  SUMMARY 
A.  INTRODUCTION 

The  ternary  Ti-Ta-C  system  has  received  very  little  atten¬ 
tion  during  the  recent  years  which  have  seen  so  many  investigations  on 
carbide  binary  and  ternary  systems.  This  is  due.in  part, to  the  fact  that 
titanium  is  the  lowest  melting  of  the  refractory  metals;  detailed  informa¬ 
tion  concerning  this  system  was  not  particularly  necessary  for  the  manu¬ 
facture  of  cutting  tools,  some  of  which  are  based  on  mixtures  of  WC-TiC-TaC, 
because  the  metals  commonly  used  as  binders  are  those  of  the  iron  group. 

Not  only  would  a  detailed  investigation  of  the  Ti-Ta-C  system 
suggest  new  application  possibilities  for  composite  materials,  but  far  more 
important,  accurately  known  phase  equilibria  relationships  at  high  tem¬ 
peratures  enable  badly  needed  thermodynamic  values  to  be  obtained.  These 
values,  when  obtained,  used  in  conjunction  with  data  available  from  the 
investigations  of  other  carbide  systems,  provide  valuable  tools  for  the 
prediction  of  alloy  application  and  behavior  in  ternary  and  higher  order 
carbide  systems. 

The  investigations,  therefore,  were  directed  toward  the 
establishment  of  high  temperature  phase  equilibria,  determination  of  the 
maximum  solidus  regions,  and  in  particular,  the  phase  relationships  in 
the  metal-rich  portion  of  the  ternary  system.  In  the  majority  of  instances, 
graphical  presentation  of  data  was  given  preference  over  tabular  compilation. 

B.  SUMMARY 

The  Ti-Ta-C  ternary  system  was  investigated  using  both 
hot  pressed  and  cold  pressed  samples.  Studies  were  made  using  X-ray 
analysis,  differential  thermal  analysis,  metallographic  analysis,  and 
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melting  point  techniques.  Many  of  the  alloys  prepared  were  analyzed 
for  their  carbon  content  to  check  for  any  possible  losses  incurred  during 
the  various  treatments. 

1  •  Binary  Systems 

The  binary  tantalum-carbon  and  titanium-carbon  systems 
have  been  extensively  investigated  and  recently  described  in  previous 
reports  (Figures  1  and  2).  The  melting  behavior  of  titanium -tantalum 
alloys  was  studied,  and  a  constitution  diagram  (Figure  6)  of  the  Ti-Ta 
system  in  the  solidus -liquidus  region  developed.  The  complete  solid  solu¬ 
tion  shows  two  phase  melting;  the  results  are  in  good  agreement  with  those 
presented  in  Hansen's  Constitution  of  Binary  Alloys^) 

I^ar_y  Titanium -Tantalum -Car  bon  System  (Figure  45) 
a.  Monocarbide  Region 

The  face  centered  cubic  binary  phases,  TaC0  94 
(a  =  4.456  A)  and  TiC0.,4  (a  =  4.330  A),  form  a  continuous  series  of  solid 
solutions;  the  lattice  parameters  show  an  almost  linear  dependence  on  the 
metal  concentration,  (Figure  10).  The  melting  points  of  the  monocarbide 
solid  solution  decrease  from  TaC,_x  to  TiC,  (Figure  41). 

Carbon-Rich  Equilibria 

There  are  no  other  ternary  phases  except  the 
monocarbide  solid  solution  in  this  area.  The  monocarbide-carbon  eutectic 
trough  runs  almost  linearly  across  this  region  (Figure  48)  between  the  Ta-C 
binary  eutectic  at  61  At*  C  and  the  Ti-C  eutectic  at  63  At*  C;  the  eutectic 
temperatures  decrease  smoothly  from  3445*C  on  the  tantalum  side  to 
2776 *C  on  the  titanium  side  (Figure  42). 
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c.  Metal -Rich  Equilibria 

Two  four -phase  reaction  planes  are  present 
in  the  region  between  the  monocarbide  solid  solution  and  the  metal  phase. 

( 1 )  C  lass  II  Four -Phase  Equilibrium  at 
2020 *C  (II  in  Figure  48)(Figure  54) 

The  four-phase  reaction  occurring  at 
this  temperature  is  repr esented  by  the  following  reaction  equatio  n: 

Liquid  +  P~(Ta,  Ti),C  (7')  --Q20'C>  (Ti,  Ta)C  .  (6)  +  (Ti.  TaWQl 

^TT’2020  *C  1-x 

Table  1:  Four-Phase  Reaction  Plane 
Liq .  +  y1  6  +  |3  at  2020*C 
Equilibrium  Concentrations  of  Partaking  Phases 


Phase 

Conce 

Ti 

ntrations 

Ta 

— 

C 

Liquid 

47 

49 

4 

(Ta.Ti)lC(7') 

32 

36 

32 

(Ti.Ta)Clx(8) 

48 

16 

36 

(Ti.  Ta)  (P) 

40 

59 

~  1 

(2)  Class  X  Four-Phase  Equilibrium  at 

18 1 5  *C  (1^  in  Figure  28)  (Figures  37  and  51] 

The  four -phase  reaction  occurring  at 
1815  C  can  be  represented  by  the  following  reaction  equation: 


P-(Ta,Ti),C  (?')  —  -  181 5 ‘C  » 
•“T  >  1815  *C 


a-fTa.Ti^C  (y)  +  (Ti.TaJC,^  (6)  +  (Ti,Ta)(p) 
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Table  2:  Four-Phase  Reaction  Plane 
iVl+S  +  (3  at  1815*C 

Equilibrium  Concentrations  of  the  Partaking  Phases 


Phase 

Concentration 
Ti  Ta 

in  At% 

C 

P-(Ta,  Ti)2C<7') 

■v31 

37 

32 

a-(Ta,Ti)2C(7) 

v29 

39 

32 

(Ti,  Ta)Cj_x(S) 

48 

17 

35 

(Ta,  Ti)  (P) 

35 

64 

■v  1 

At  temperatures  below  the  1815*C 
four -phase  reaction  plane,  only  the  low  temperature  a-form  of  the  subcarbide 
is  present;  the  maximum  "Ti2C"  solubility  in  u-Ta^  at  the  1815*C  four- 
phase  plane  is  approximately  43  mol.%.  The  p-form  of  (Ta,  Ti)  C  takes 

about  47  Mol.%  "Ti2C"  into  solution  at  2020'C,  the  temperature  of  the  second 
four -phase  plane. 


In  the  extreme  metal-rich  portion 
of  the  ternary  diagram.a  ternary  eutectic  trough  connects  the  titanium -carbon 
binary  eutectic  at  approximately  1.  5  At.%  carbon  with  the  tantalum-carbon 
eutectic  at  12  At.%  carbon  (Figures  27  and  48).  The  melting  points  of  the  eutectic 
trough  rise  along  a  smooth  curve  from  the  Ti-C  binary  at  1650’C  to  2843 *C 
at  the  Ta-C  binary, 

H.  LITERATURE  REVIEW 

A.  BINARY  SYSTEMS 


The  titanium-carbon  system,  has  been  the  object  of  numerous 

investigations*4'9*.  A  listing  of  the  many  papers  is  found  in  Constitution  of 
Binary  Alloys*^*. 

The  main  features  of  the  system,  taken  from  the  older  litera¬ 
ture,  are  as  follows:  There  exists  but  one  compound,  the  monocarbide, 
with  an  extensive  homogeneous  range  and  melting  point  in  excess  of  3000*C. 
The  P-Ti  decomposes  peritectically  at  approximately  3  At%  C,  and  the 
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peritectic  or  eutectic  temperature  with  TiC  I _x  is  1750*C.  The  solubility 
of  carbon  in  (3-titanium  increases  to  a  maximum  of  about  3  At%  at  the  pro¬ 
posed  peritectic  temperature.  The  a-P-titanium  transition  is  extended 
per itectoidally  into  the  binary  at  920*C.  The  eutectic  between  the  mono¬ 
carbide  and  graphite  lies  at  about  63  At%  G  at  a  temperature  of  approximately 
2900*C.  A  recently  proposed  constitution  diagram  of  the  Ti-TiC  system^10^ 
by  E.  K.  Storms  agrees  quite  well  with  the  experimental  results  described 
below. 

To  clarify  the  discrepancies  in  the  binary  Ti-C  system,  and 
to  provide  valid  starting  points  for  the  ternary  systems  to  be  studied  in 
this  present  series  of  investigations,  an  exact  determination  of  the  consti¬ 
tution  of  the  titanium-carbon  system  was  undertaken  at  this  laboratory^. 

The  important  features  of  the  system  at  temperatures  above  1200 *C  are: 
(Figure  1)  titanium  monocarbide  possesses  a  wide  homogeneous  range  from 
32  At%  C  at  the  eutectic  temperature  of  1650*C  to  48.8  At%  C;  it  melts 
congruently  at  3067*C  at  44  At%  C.  Between  P-titanium,  whose  carbon 
solubility  is  less  than  1  At%,  and  the  carbon-defect  monocarbide  there  is 
a  eutectic  at  1.5  At%  C.  The  eutectic  temperature  is  1650*C.  On  the 
carbon-rich  side  of  the  monocarbide  a  eutectic  exists  at  63  At%  C  between 
TiC„.  94  and  graphite.  The  eutectic  temperature  is  2776  *C .  The  maximum 
lattice  parameter  of  the  cubic  monocarbide  structure  is  4.330  Xat  48.5  At%  C; 
the  smallest  is  4.285  X  on  the  metal-rich  boundary  (32  At%  C)  of  the  homo¬ 
geneous  range . 

Literature  reveals  that  there  are  a  great  number  of  publica- 

,,  (11-22) 

uons  concerning  the  tantalum -carbon  system;  although  many  cor¬ 

rections  and  additions  had  been  made  in  recent  years,  the  basic  diagram 
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Figure  1.  Ti-C:  Constitution  Diagram 

(£.  Rudy,  C.  E.  Brukl,  and  D.  P.  Harmon,  1965) 

established  by  F.  H.  Ellinger<16>  had  remained.  Its  main  features  are  two 
compounds,  Ta2C  and  TaC;  both  compounds  have  considerable  homogeneous 
ranges.  Tantalum  subcarbide  decomposes  peritectically  at  3400*C,  and 
TaC  melts  congruently  at  about  3800*C.  Tantalum  monocarbide  and  graphite 
form  a  eutectic  at  about  66  At%  C  with  a  eutectic  temperature  of  3300 *C  . 
Between  the  subcarbide,  Ta^,  and  the  tantalum  metal  solid  solution,  there 
exists  a  eutectic  at  about  5  At%  C;  the  eutectic  temperature  is  2800 *C.  At 
this  temperature,  the  carbon  solubility  in  the  tantalum  metal  phase  is  approxi 
mately  3  At%  C  . 


6 


Within  the  framework  of  these  present  investigations  the 
tantalum -carbon  system  has  been  most  thoroughly  investigated^  by  X-ray 
analyses,  melting  point  determinations,  metallography,  and  differential 
thermal  analysis. 

An  a-p -transformation  —  a  fact  which  had  been  reported^18) 
(12  16  22) 

but  not  confirmed  *  *  — —  involving  the  degree  of  ordering  of  the  carbon 

atoms  in  the  carbon  sublattice  in  Ta2C  ,was  irrevocably  established.  The 
presence  of  a  "Ta^  2"  metastable  phase,  reported  by  G.  Brauer^17*  was 
observed,  but  attributed  to  a  non-equilibrium  phase  resulting  from  precipita¬ 
tion  from  the  monocarbide  phase/2'  *2^ 

The  main  points  of  the  tantalum-  carbon  system  are  shown 
in  Figure  2.  Tantalum  metal  takes  about  7.5  At%  C  into  solid  solution  at 
2843*C.  Between  tantalum  metal  and  the  high  temperature  form  of  TazC  (3) 
there  is  a  eutectic  at  12  At%  C;  the  eutectic  temperature  is  2843  *C .  The 
P-  Ta2C  has  a  homogeneous  range  from  26  At%  C  at  2843  °C  to  about  35.5  At%  C 
at  3300  *C;  it  decomposes  eutectoidally  into  the  low  temperature  TazC  (a) 
and  TaCj _x  at  1930"C  at  low  temperatures,  and  decomposes  peritectically 
at  3330  C  at  high  temperatures.  a-TazC,  which  has  a  small  homogeneous 
range  around  31  At%  C,  decomposes  in  a  peritectoid  reaction  to  tantalum 
metal  and  P-Ta^  at  2180*C. 

The  monocarbide  shows  a  homogeneous  range  of  a  carbon 
defect  solid  solution  from  49.8  Atfo  C  to  about  39  At%  C  at  3330*C;  TaC„  l9 
melts  congruently  at  3983*C.  The  eutectic  formed  between  the  monocarbide 
and  graphite  lies  at  61  At%  C;  this  eutectic  temperature  is  3445*C. 

All  investigations  of  the  tantalum-titanium  system^23"27* 
agree  in  general.  Tantalum  and  (3 -titanium  form  a  continuous  series  of 
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Figure  2.  Ta-C:  Constitution  Diagram 

(E.  Rudy,  C.  E.  Brukl,  and  D.P.  Harmon,  1965) 
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solid  solutions  above  the  a-(3-transition  temperature  of  titanium  (~920*C). 
The  solubility  of  tantalum  in  a-titanium  appears  to  be  quite  small  (~4  At%), 
and  the  a-|3-titanium  transition  temperature  is  decreased  with  increasing 
tantalum  content.  A  composite  picture  (Figure  3),  containing  data  from 
D.  Summer s-Smith^^  on  one  hand,  and  D.  J.  Maykuth,  et.al.^^)  on  the 
other,  shows  the  liquidus-  solidus  high  temperature  region  of  the  tantalum- 
titanium  system. 

B.  TERNARY  TITANIUM-TANTALUM-CARBON  SYSTEM 
The  quasi  binary  section  TaC-TiC  had  been  investigated 
as  early  as  1946-47.  Nowotny  and  Kieffer^^!  as  well  as  Koval'skii  and 
Umanskii^  ^  had  ascertained  that  TaC  and  TiC  form  a  continuous  series  of 
solid  solutions.  These  investigations  were  later  confirmed  by  other 
authors^’  ^ ^(Figures  4  and  5). 
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Figure  3.  Ti-Ta:  Composite  Constitution  Diagram  of  High 
Temperature  Region 

(D.  Summers -Smith;  and  D.J.  Maykuth,  et.  al.  as  cited  in  M.  Hanserf  ■  ') 
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Figure  4.  Ti-Ta-C:  Lattice  Parameters  of  TaC-TiC  Solid  Solution 
(J.G.  McMullin  and  J .  T.  Norton,  1953) 

(31) 

J.  G.  McMullin  and  J.T.  Norton  presented  an  isothermal 
section  of  the  Ti-Ta-C  system  at  1820*C  (Figure  5).  In  investigations  up 


Ta,C 


Figure  5.  Ti-Ta-C:  Isothermal  Section  at  1820*C 
(J.  G.  McMullin  and  J .  T.  Norton,  1953) 
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to  about  2030*0,  it  was  shown  that  titanium  and  tantalum  form  a  continuous 

series  of  solid  solutions  above  the  a -(3 -transition  of  titanium;  this  solid 

solution  can  take  up  to  2  At%  carton  into  solution.  The  monocarbides  form 

a  rather  large  single -phase /area  showing  a  large  carbon  defect, mixed 

crystal  solid  solution  on  the  titanium  side.  Conversely,  the  Ta.,C  subcarbide 

phase  is  shown  to  dissolve  none  of  its  hypothetical  homologue  "Ti2C".  A 

three-phase  region  (Ti,  Ta)C,  <  Ta,  Ti)2C  -  (Ti,  Ta)  exists  in  the  middle 

and  tantalum-rich  portion  of  the  1820*C  isothermal  section;  the  equilibrium 

in  the  titanium-rich  corner  of  the  system  is  governed  by  liquid  at  1820 “C. 

These  authors  have  further  determined  that  the  basic  equilibrium  described 

above  remains  up  to  20Zi°C  where  a  four -puase  invariant  reaction  plane 

is  situated.  The  so-called  "two  over  two",  or  a  simple  Class  II  *  reaction 

a 

occurs  at  this  temperature.  The  two-phase  equilibrium  (Ti,  Ta)C,  (6)- 
(Ta.  Ti){ (3)  is  replaced  by  the  (Ta,  Ti)2C  (7)-Liquid  (Ti-rich)  equilibrium  and 
is  formulated  by  the  following  reaction: 

Liq  +  7  6  +  (3  at  2025  *C 

111  *  EXPERIMENTAL  program 

a.  experimental  procedures 

1  •  Starting  Materials 

Elemental  powders  as  well  as  pre-prepared  binary 
monocarbide  and  titanium  hydride  powders  were  used  as  starting  materials 
for  the  alloys  investigated. 


*The  excellent  book,  Phase  Diagrams  in  Metallurgy,  bv  F.  Rhine. 
extensively  consulted^  regard  Slate.  equilibria  ques^ons 
The  nomenclature  proposed  therein  has  been  used  in  this  report 
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Titanium  metal  powder  was  obtained  from  the 
Var-Lac-Oid  Chemical  Company,  New  York,  and  had  the  following  impurities 

{in  ppm):  C -1 300,  H-1500,  N-50,  Fe -500  and  Cl-1200.  The  lattice  param¬ 
eters  of  this  starting  material,  as  determined  with  CuKq  ,  were  a  =  2.94,  £ 
and  c  =  4.68,  A  .  The  particle  size  was  smaller  than  74  microns. 


Titanium  dihydride,  Grade  E,  purchased  from  Metal 
Hydrides,  Inc..  Beverly  Mass . ,  had  the  following  impurities  (in  ppm): 
Al-1000-3000,  C-1000  max. ,  Ca-500  max.,  Fe-1000  max.,  Mg-500  max., 
N-2000  max.,  Si-1000  max.,  :nd  Zr-1000  max.;  the  hydrogen  content  was 
3.99%  by  weight.  This  titanium  hydride  had  an  average  particle  size  of 
7.3  microns.  A  Debye -Scherrer  powder  diagram  of  this  material  showed 
only  the  face  centered  cubic  dihydride  structure.  Spectrographic  analysis 
at  the  Aerojet  Metals  and  Plastics  Chemical  Testing  Laboratory  resulted 
in  the  following  data  (in  ppm):  Cr-400,  Al-10,  Fe-100,  Zr-50,  and  Ca-100. 

Tantalum  monocarbide  was  obtained  from  Kennametal, 
Inc.,  Latrobe,  Pennsylvania.  The  impurities  were  (in  ppm):  Nb-1500, 
Fe-200,  Si-100.  Ti-<  100  and  Ca-100.  The  tantalum  carbide  contained 
6. 17  Wt%  total  carbon  (49.8  At%)  and  6.  11  Wt%  bound  carbon  (49.5  At%). 

The  particle  size  was  smaller  than  44  microns.  4.455  X  was  obtained  as 
the  lattice  parameter  of  this  starting  material. 


Var-Lac-Oid.Inc.,  New  York  supplied  the  titanium 
onocar bide  powder.  The  impurities  were  (in  ppm):  Fe-500,  Si-100, 
Ca-100,  Na-50,  0-1000,  and  N-1500.  The  monocarbide  had  a  total  carbon 
content  of  19.50  Wtft  C  (49.1  At%,  and  19.30  Wt%  bound  carbon  (48.8  At%). 
The  lattice  parameter  of  this  starting  material  was  4.323  i,  and  the 
particle  size  was  smaller  than  88  microns. 
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Carbon  was  used  in  two  forms.  The  lampblack  powder, 
supplied  by  Monsanto  Chemical  Co.,  had  99.57%  free  carbon  and  the  follow¬ 
ing  impurities  {in  ppm):  H20-400,  benzol  extract-3000,  ash-300,  and 
volatiles -36 00.  The  particle  size  was  0.01-0.1  microns.  Spectrographic 
analysis  at  the  Aerojet  Metals  and  Plastics  Chemical  Testing  Laboratory 
gave  the  following  results  (in  ppm):  Si-20,  Mg-<  10,  Cu-<  10,  Al-10,  Fe-10. 

Graphite  powder  was  obtained  from  the  National 
Carbon  Company  and  had  the  following  typical  impurities  (in  ppm):  S-110, 
Si-46,  Ca-44,  Fe-40,  Al-8,  Ti-4,  Mg-2,  V-trace,  and  ash-800  max.  99% 
of  the  graphite  was  smaller  than  74  microns.  Highly  overexposed  X-ray 
films  of  these  materials  showed  no  traces  of  any  impurities. 

Tantalum  metal  powder  was  obtained  from  the  Wah 
Chang  Corp.,  Albany,  Oregon.  The  powder,  which  had  a  particle  size 
smaller  than  74  microns,  had  the  following  main  impurities  (in  ppm): 

Al-<  20,  C-73,  Cu-<  40.  Cr-<  20,  Fe-275,  H-21,  N-5,  0-238,  Si-<100, 

Ti-<  loO,  W-220,  and  Nb-630.  The  lattice  parameter  of  this  starting 
material  was  3. 303  %.  . 

A  vacuum  fusion  analysis  performed  at  the  Aerojet 
Metals  and  Plastics  Chemical  Testing  Laboratory  yielded  the  following  data 
for  the  tantalum  powder  (in  ppm):  H-116,  0-322,  and  N-52.  Spectrographic 
analysis  gave  (in  ppm):  C-180,  Si-<  20,  Fe-500,  Nb-2500,  and  Al-<  20. 

2-  Alloy  Preparation  and  Heat  Treatment 

In  the  ternary  system  Ti-Ta-C,  all  alloys  for  solid 
state  and  melting  point  investigations,  as  well  as  for  arc  melted  samples, 
were  initially  prepared  by  hot  pressing  in  graphite  dies.  The  samples  for 
solid  state  investigations  were  heat  treated  at  two  principal  temperatures, 
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1500  and  2000*C.  under  a  vacuum  of  <  5  x  10  ‘ Torr.  These  samples  were 
quenched  rapidly  by  immediately  admitting  helium  to  the  vacuum  chamber 
after  shutting  off  the  heating  element  of  the  furnace.  A  detailed  heat 
treating  schedulers  given  in  Table  3. 


Table  3:  Hea^Treatment  Schedule  of  Titanium-Tantalum-Carbon 


Equilibrium 
Temperature  *C . 

Annealing 
Time  (Hrs) 

Vacuum 

1500 

40-64 

-5 

<  3x10  Torr 

2000 

4*- 

l 

»— » 

L 

-s 

5x10  Torr 

For  solid-state  investigations  approximately  0.1-0.  5  Wt% 
cobalt  powder,  which  later  completely  disappears  during  the  vacuum  heat 
treatment,  was  added  to  the  samples  in  the  high  melting  monocarbide  region 
to  aid  in  the  attainment  of  equilibrium.  In  general,  the  alloys  were  found 
to  have  attained  equilibrium  in  the  majority  of  samples  investigated.  Only 
those  samples  which  were  situated  in  the  tantalum  subcarbide  region  showed 
somewhat  diffuse  diffraction  patterns  caused  by  the  a-fi-Tif  transforma¬ 
tion.  Small  amounts  of  the  P-phase,  normally  not  present  at  1500*0,  formed 
at  higher  hot  pressing  temperatures  and  did  not  completely  transform  to  the 
low  temperature  a-phase  during  heat  treatment  at  1500’C.  Various  stages 
of  non-equilibrium,  dependent  on  the  amount  of  tantalum  present,  were  also 
obtained  in  the  titanium-rich  corner  of  the  ternary  where  the  high  temperature 
P  -  Ti  -  form  was  not  completely  retained  on  cooling. 

Powdered  mixtures  of  the  elements,  to  serve  as 
melting  point  specimens  in  the  Ti-Ta  binary  system,  were  cold-compacted 
to  avoid  graphite  contamination.  The  samples  received  a  heat  treatment  at 


135(TC  under  a  vacuum  of  5  x  10  Torr  for  1  hour  to  give  the  melting  point 
specimens  mechanical  strength  and  to  cause  partial  mixed  crystal  formation, 

Portions  of  some  samples  (Figure  15)  which  were 
used  m  the  solid  state  studies  were  arc  melted  in  a  non-consumable  tungsten 
electrode  melting  furnace.  These  samples  were  then  X-rayed  and  investi¬ 
gated  metallographically  along  with  the  molten  portions  of  the  melting  point 
samples. 

3.  Melting  Points 

The  melting  points  of  alloys  selected  were  determined 
by  the  previously  described  Pirani-technique{33).  To  minimize  the  titanium 
and  carbon  losses  at  the  high  melting  temperatures  of  the  monocarbide 
region,  the  melting  point  furnace  was  pressurized  with  high  purity  helium 
at  2  l/4  atmospheres  after  a  short  vacuum  degassing  at  about  2200*C.  The 
temperature  measurements  were  carried  out  with  a  disappearing-filament 
type  micropyrometer  which  was  calibrated  against  a  certified,  standard 
lamp  from  the  National  Bureau  of  Standards.  The  temperature  correction 
for  absorbtion  in  the  quartz  furnace  window,  as  well  as  that  correction 
for  deviation  due  to  non-black  body  conditions,  have  been  amply  described 
and  validated  in  a  previous  report^ 33\ 

Fifty-seven  individual  alloy  compositions  (Figure  14) 
were  made  and  their  melting  points  measured.  All  of  these  samples  were 
further  investigated  by  studying  their  X-ray  diffraction  patterns;  the  majority 
of  these  melting  point  samples  were  mounted  and  observed  metallographi- 
callyj  several  samples  were  analyzed  for  their  total  carbon  content.  In  no 
case  did  the  analyzed  values  of  carbon  content  differ  by  more  than  1-2  At% 
from  the  nominal  compositions. 
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4. 


Differential  Thermal  Analysis 
The  techniques,  equipment,  and  instrumentation 
used  for  high  temperature  differential  thermal  analysis  have  been  described 
at  length  in  previous  publications^’  ^ . 

The  13  DTA  samples  (Figure  16)  investigated  in  this 
system  were  prepared  by  hot  pressing  the  well  blended  mixtures  of  ele¬ 
mental  powders  and  the  monocarbides.  Investigations  were  made  under  a 
protective  high -purity  helium  atmosphere  at  2  atms. pressure .  The  DTA 
technique  proved  exceptionally  valuable  in  determining  the  temperature  - 
composition  paths  of  the  phase  reactions  present  in  the  binary  systems  and 
continuing  or  terminating  in  the  ternary  Ti-Ta-C  system.  In  addition,  the 
DTA  served  to  confirm  incipient  melting  temperatures  of  the  solidus  bound¬ 
aries  close  to  homogeneous  ranges;  these  temperatures  are  usually  difficult 
to  observe  using  the  Plrani-method  because  relatively  little  liquid  is  present 
at  the  incipient  melting  temperature.  This  technique  was  instrumental  in 
helping  to  ascertain  the  temperatures  of  the  four -phase  reaction  planes 
occurring  in  the  ternary  system.  The  incipient  melting  point  of  alloys  in 
the  four -phase  quadrant  was  best  obtained  with  the  DTA  rather  than 
the  Pirani  melting  point  method,  for  the  same  reasons  as  described 
above . 

5*  Metallography 

Thirty-three  samples,  which  had  been  either  arc 
melted,  or  melted  in  the  melting  point,  or  DTA  furnaces  were  metallo- 
graphically  examined.  The  specimens  were  mounted  in  an  electrically 
conductive  mixture  of  diallylphtalate -Incite -copper  mounting  material. 

Coarse  grinding  and  rough  polishing  were  done  on  varying  grit  sizes 
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(120-600)  of  silicon  carbide  paper.  A  fine,  highly  polished  sample  surface 
was  ultimately  obtained  using  a  suspension  of  0.05  micron  alumina  in 
Murakami's  solution  on  microcloth.  Etching  solutions  and  techniques 
varied  greatly  with  the  carbon  content  of  the  ternary  alloys.  It  was  found 
that  samples  in  the  metal-rich  region  up  to  about  15  At%  carbon  were  best 
electroetched  with  a  2%  NaOH  solution.  Alloys  containing  higher  amounts 
of  carbon  gave  best  results  when  dip-etched  in  an  aqueous-aqua  regia- 
hydrofluoric  acid  mixture,  (9  parts  HzO  with  1  part  of  a  60%  HC1  -20% 
HNOj-20%  HF  concentrated  acid  solution).  A  concentrated  solution  of  the 
above  acid  mixture  was  used  to  bring  out  the  grain  boundaries  of  single 
phase  monocarbide  alloys. 

6 .  X-Ray  Analysis 

Debye-Scherrer  powder  diffraction  patterns,  using 
CuKq  radiation,  were  made  of  all  samples  after  solid  state,  melting  point, 
and  DTA  investigations,  as  well  as  of  arc  melted  samples. 

To  eliminate  the  film-blackening  caused  by  titanium 
flourescence  radiation,  induced  by  the  CuK^,  a  cover  film,  which  absorbed 
this  soft  white  radiation  was  used  over  the  film  during  the  exposure. 

The  crystal  structures  of  all  the  binary  phases  with 
the  exception  of  the  '  Ta3C2M  zeta  phase  are  known,  and  the  indexing  of  the 
powder  patterns,  as  well  as  lattice  parameter  determinations  offered  no 
problems . 


Some  difficulties,  however,  were  encountered  in  the 
metal-rich  portion  of  the  ternary  system  where  the  a-(3-titanium  trans¬ 
formation  occurred,  causing  broad  lines  and  diffuse  patterns.  In  addition 
to  this,  the  fact  that  the  body-centerf  d-cubic  lattice  parameters  of  tantalum 
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and  p-titanium  show  very  little  difference  made  precise  concentration 
determinations  difficult. 


7 •  Chemical  Analysis 

Carbon  analyses  were  performed  using  the  standard 
direct  combustion  method,  and  either  trapping  the  evolved  COz  on  NaOH 
and  computing  carbon  content  by  weight  gained,  or  by  measuring  the  thermal 
conductivity  of  the  combusted  C02-02  gas  mixture  in  a  Leco  carbon  analyzer. 

The  oxygen,  nitrogen,  and  hydrogen  analyses  were 
carried  out  using  the  vacuum  fusion  technique  in  a  platinum  bath.  In  general, 
the  interstitial  contents  reported  by  the  Aerojet  Metals  and  Plastics  Chemical 
Testing  Laboratory  tended  to  be  somewhat  (~  10%)  higher  than  those  values 
reported  by  the  producer.  This  discrepancy  is  perhaps  explained  by  the 
fact  that  the  materials,  in  their  fine  powder  form,  had  sufficient  time  to 
absorb  both  additional  water  vapor  and  air  in  the  time  interval  between  the 
supplier's  analysis  and  the  Quality  Control  analysis  at  Aerojet. 

Far  more  important,  however,  were  the  spectro- 
graphic  analyses  performed  in  a  semiquantitative  manner  to  check  on  the 
metallic  impurities.  Excessive  amounts  of  these  impurities  could  easily 
lead  to  false  phase  equilibria  and  homogeneous  ranges  in  the  investigated 
Ti-Ta-C  system.  Furthermore,  metallic  impurities,  if  present  in  exces¬ 
sive  quantities,  would  critically  change  the  melting  points  of  the  investi¬ 
gated  alloys.  The  spectrographic  analyses  showed  no  great  contamination 
of  any  one  particular  element,  and  in  general,  the  overall  sum  of  metallic 
impurities  was  reasonably  low  and  well  within  tolerable  limits. 
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B. 


EXPERIMENTAL  RESULTS 


i  ■  Titanium-Tantalum  Solidus 

The  melting  points  of  seven  samples  of  the  nominal 
compositions  shown  in  Figure  6  were  measured.  The  solidus  line  is  a 
well  defined, smooth  curve;  with  increasing  tantalum  content,  the  alloys 
were  observed  to  melt  more  and  more  heterogeneously.  This  fact  is  re¬ 
flected  in  the  increasing  width  of  the  two-phase  liquid-solid  region  bounded 
on  the  liquidus  side  by  the  estimated  liquidus  line.  The  melting  points  of 
the  pure  metals  are  those  which  were  very  accurately  obtained  in  otter 
investigations*1,2*  in  this  laboratory.  The  diagram  proposed  here  agrees 
quite  well  with  those  in  the  literature*35*  (Figure  3)  with  the  exception  that 
the  liquid-solid  two-phase  region  is  somewhat  wider. 

2‘  Titanium-Tantalum -Carbon  System 

Forty-nine  ternary  alloys  were  prepared  to  investi¬ 
gate  the  solid  state  section  at  1500’C;  the  compositional  locations  are  shown 
in  Figure  7. 

Figure  8  depicts  the  qualitative  X-ray  analysis  and 
phase  equilibria  of  the  samples  at  1500*C.  At  1500*C,  titanium  and 
tantalum  form  a  complete  series  of  solid  solutions  in  the  body-centered- 
cubic  structure.  Due  to  the  relatively  small  change  in  lattice  parameter 
of  the  binary  b.c.c.  solid  solution  (Ta  =  3.30  X.  and  p-Ti  =  3.31  X),  it 
was  virtually  impossible  to  determine  the  metal-rich  base  point  of  the 
(Ta,  Ti)-a-(Ta,  Ti)2C-(Ti,  Ta)CJx  three-phase  region  by  a  comparison  of 
metal  phase  lattice  parameters  taken  from  samples  in  this  three-phase 
area.  More  value,  therefore,  had  to  be  placed  on  the  qualitative  X-ray 
analysis  of  the  samples.  The  base  point  of  the  three-phase  (  Ta,  Ti)-a- 
(Ta,  Ti)?C -{  Ti,  Ta)Ct_x  region  was  located  quite  close  to  32  At%  Ti  using 
the  method  of  appearance  and  disappearance  of  phases. 
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Figure  6.  Ti-Ta:  Constitution-Diagram, Liquid-Solid  Region 
with  Experimental  Melting  Points. 


Figure  7.  Ti-Ta -C:  Location  of  Solid  State  Samples  at  1500*C 


At  1500*C  only  the  low  temperature  a-form  of  Ta2C 
Is  present.  A  plot  of  lattice  parameters  vs  composition  (Figure  9)  shows 
that  o-Ta2C  takes  about  40  mol  %  "Ti2C:  into  solid  solution;  the  smallest 
lattice  constants,  taken  from  a  sample  in  the  three-phase  region,  were 
found  ’^o  be  a  =  3.  07j  X. ,  c  =  4. 91j  X  . 

The  tantalum  and  titanium  monocarbides  form  a 
complete  series  of  solid  solutions  with  a  considerable  carbon  defect  which 
increases  with  increasing  titanium  content.  The  lattice  parameters  of 
the  face -center ed-cubic  mixed  crystal  plotted  versus  titanium  content 
(Figure  10)  confirm  the  presence  of  the  continuous  solid  solution;  a  slight 


0. 72 

Figure  10.  Ti-Ta-C:  Lattice  Parameters  of  (Ta,  Ti)C0  72 
Monocarbide  Solid  Solution  at  1500*C 
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positive  deviation  from  Vegard's  law  is  noted.  The  three-phase  area 
base  point  which  rests  on  the  lower  boundary  of  the  monocarbide  region 
was  found  to  be  at  34  At%  carbon  and  12  At%  tantalum. 

The  X-ray  powder  diagrams  of  some  of  the 
samples  near  the  Ta-C  binary,  and  extending  into  the  ternary,  showed 
the  presence  of  the  metastable  zeta  "TajC^"  phase  in  varying  amounts;  in 
view  of  the  results  of  the  binary  Ta-C  system^,  it  was  concluded  that  this 
phase  is  precipitated  from  the  metal-rich  region  of  the  monocarbide  single 
phase  and  actually  represents  a  non-equilibrium  state.  The  X-ray  analysis 
(Figure  8)  indicates  this  conclusion,  and  phase  equilibria  which  would  be 
present  due  to  the  zeta  phase  are  not  depicted.  Figure  49  shows  the  1500*C 
isotherm. 

The  two -phase  (Ti,  Ta)Cj  _x-(Ti,  Ta)  region  exhibits  a 
number  of  non-equilibrium  samples.  This  is  simply  explained  by  the  fact 
that  the  high  temperature  p-(Ti,  Ta)  cubic  form  transforms  quite  rapidly, 
but  not  completely,  to  the  a-(Ti,  Ta)  hexagonal  structure.  Increasing 
amounts  of  tantalum  shift  this  transformation  to  lower  temperatures,  and 
the  P-form  is  more  completely  rr  .ined. 

In  a  very  few  samples,  in  the  vicinity  of  the  sub¬ 
carbide,  it  was  occasionally  found  that  traces  of  TaCt  x  were  present  after 
heat  treatment.  The  presence  of  the  monocarbide  represents  a  non- 
equilibrium  condition  and  is  most  probably  caused  by  the  disproportionation 
of  the  subcarbide  solid  solution  upon  cooling.  In  addition,  traces  of  the 
starting  material,  TaC,  might  still  have  been  present  after  heat  treatment. 
Such  was  the  case  with  the  sample  in  the  two-phase  o-(Ta,  Ti)  zC-(Ta,  Ti) 
region. 
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Portions  of  some  of  the  1500°C  heat  treated  samples 
remaining  after  X-ray  and  chemical  analyses  were  given  a  further  heat 
treatment  at  2000°  (Figure  11). 


Figure  11.  Ti-Ta-C:  Location  of  Solid  State  Samples  at  2000*C 

Again,  several  samples  showed  the  presence  of  the 
metastable  zeta  phase,  but  that  which  was  previously  stated  in  the  1500*C 
section  description  also  applies  to  this  2000*C  isotherm.  Figure  12  shows 
the  qualitative  X-ray  analysis  of  the  samples  in  the  still  solid  region. 

The  high  temperature  form,  P-TazC,  plays  a  leading 
role  in  the  phase  equilibria  at  2000 *C.  The  X-ray  patterns  of  the  (Ta,  Ti)2C 
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Figure  12.  Ti-Ta-C:  Qualitative  X-Ray  Analysis  of  Samples 
at2'‘00,C. 


phase  were  in  general  lea';  .harp  than  the  corresponding  patterns  at  1500*C 
this  is  due  to  the  P-a-transfoi  mation  upon  cooling.  In  addition,  precipita¬ 
tions  of  the  metastable  zeta  phase,  as  well  as  the  subcarbide  phase  from 
the  monocarbide  solid-solution  led  to  somewhat  diffuse  X-ray  patterns. 

A  photomicrograph  of  a  sample  whose  X-ray  film  showed  (Ta,  Ti)Cj  x»  £, 
and  (Ta,  Ti)2C  is  shown  in  Figure  13. 

The  rapid  disproportionation  of  the  (3-(Ta,Ti)2C  to 
a  a-(TaTi)zC  less  rich  in  titanium,  monocarbide,  and  metal  phase  made 
the  exact  measurement  of  the  solubility  limit  of  (Ta,  Ti)2C  rather  difficult. 
However,  a  comparison  of  the  X-ray  films  of  the  2000*C  samples  with 
those  of  melting  point  samples,  as  well  as  metallographic  inspection  led 
to  the  determination  of  the  maximum  tantalum -titanium  exchange  in 
P~(Ta,  Ti)2C .  At  2000*C  the  exchange  is  not  much  more  than  that  of  the 
a -form  at  1500*C;  the  maximum  solubility  in  the  (3  -form  is  about  46  mol  % 
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Figure  13.  Ti-Ta-C:  17/50  33,  Quenched  from  3260*C  X1000 

(Ta,  Ti)Cj  Solid  Solution  with  Oriented 
Precipitations  of  £,  and  (Ta,  Ti)2G. 

Extensive  metallography  of  melting  point,  arc 
melted,  and  DTA  samples  (location  of  samples  in  Figures  14,  15, and  16) 
as  well  as  comparison  of  the  ternary  melting  points  with  those  of  the  metal 
binary  showed  that  the  metal -rich  eutectic  trough  lies  quite  close  to  the 
Ti-Ta  binary  across  the  greater  portion  of  the  ternary  diagram  (Figures 
27  and  48).  In  general,  it  was  quite  difficult  to  obtain  pictures  typical  of 
a  eutectic  in  this  region.  The  main  cause  for  this  is  that  the  eutectic 
contains  a  relatively  small  percentage  of  the  carbide  phases.  In  addition  to 
the  above,  it  was  observed  that  when  the  carbides  were  present,  they 
tended  to  migrate  to,  and  agglomerate  on  the  grain  boundaries  giving  a  very 
non-typical  net-like  structure.  Even  the  most  rapidly  cooled  alloys  showed 
this  effect  in  varying  degrees.  A  third  factor  contributing  to  this  difficulty 
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Figure  17.  Ti-Ta-C:  55/45/3,  Quenched  from  21 00*C 

Monocarbide  Precipitates  (Dark  Spikes)  Within 
Metal  Grains  (Light).  Partial  Carbide  Agglomera 


tion  on  Grain  Boundaries. 
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was  that  the  small  amount  of  carbide  taken  into  solid  solution  in  the 
metal  phase,  was  precipitated  out  on  cooling  and  even  on  rapid  quenching. 
These  carbide  precipitates  tended  to  mask  further  the  low  carbide -contain¬ 
ing  eutectic.  A  series  of  metallographic  pictures  depicting  the  findings 
along  the  metal-rich  portion  of  the  Ti-Ta-C  system  are  presented  in 
Figures  17  to  26. 

The  incipient  melting  points  of  alloys  in  the  region 
between  3  and  15  At%  carbon  correspond  to  the  melting  points  along  the 
metal-rich  eutectic  trough.  Ey  establishing  tie  lines  connecting  the  respec¬ 
tive  incipient  melting  points  of  the  alloys  in  this  region,  it  was  possible  to 


Figure  18.  Ti-Ta-C:  53/40/7,  Quenched  from  2160*C  X1000 

Fine  Monocarbide  Primary  Crystals  (Light) 
in  Metal  Matrix  (Grey) 
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Figure  19.  Ti-Ta-C:  35  61  4,  Quenched  from  2480*0 

Metal  Grains  (Grey)  Outlined  by  Agglomerated  Sub¬ 
carbide  (Light)  Collected  on  Grain  Boundaries.  Sub¬ 
carbide  Precipitates  (Dark  Spikes)  Within  Metal  Grains 


Figure  20.  Ti-Ta-C:  20 '73  7,  Quenched  from  2500*C 

Partial  Eutectic-Like  Structure:  Fine  Subcarbide 
Grains  (Light)  in  Metal  (Grey)  Matrix.  Subcarbide 
Partially  Agglomerated  on  Grain  Boundaries. 


X650 


X500 
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Figure  21.  Ti-Ta-C:  20  73  7,  Quenched  from  2500*C 

Eutectic -Like  Structure:  Subcarbide  Grains  (Light) 
in  Metal  Matrix  (Grey). 


Eutectic -Like  Structure:  Subcarbide  (Light)  in 
Metal  Matrix  (Dark) . 

I 
I 

I 


X500 


X500 


31 


Figure  2 3.  Ti-Ta-C:  10  81  9,  Quenched  from  2760*C 

Eutectic -Like  Structure:  Subcarbide  (Light)  in 
Metal  Matrix  (Dark). 


Figure  24.  Ti-Ta-C:  60/25/15,  Quenched  from  1970°C 

Primary  Monocarbide  Grains  (Light  and  Grey) 
Surrounded  by  Metal  Matrix  (Dark) 
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Figure  25.  Ti-Ta-C:  40  45-15,  Quenched  from  2650  °C  X650 

Subcarbide  (La.rge  Light  Grains  with  Dark  Metal  Pre¬ 
cipitates  Within  Grains)  and  Monocarbide  (Small  White 
Grains  Without  Metal  Precipitates)  in  a  Metal  Matrix 
(Grey)Showing  Some  Fine  Carbide  Precipitates(Darker  Grey). 


Figure  26.  Ti-Ta-C:  30/55/  15,  Quenched  from  2700°C  X650 

Large  Subcarbide  (Light)  Grains  with  Heavy  Metal 
Precipitates  Within  Grains  in  a  Metal  (Grey)  Matrix. 
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Ti  10  20  30  40  50  60  70  80  90  Ta 


Atomic  %  Tantalum  * 

Figure  27.  Ti-Ta-C:  Tie-Line-Corrected  Melting  Points 
and  Position  of  Metal-Rich  Eutectic  Trough 
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present  a  melting  point  curve  of  the  eutectic  trough,  although  many  of  the 
samples  chosen  do  not  lie  directly  on  the  trough  itself.  Figure  27  depicts 
these  melting  points  as  a  function  of  the  tie-line  corrected  compositions. 

The  smaller  diagram  shows  the  position  of  the  eutectic  trough  with  the  tle- 
line  corrections  applied.  The  eutectic  trough  was  positioned  with  the  aid 
of  extensive  metallographlc  investigations  (See  Figures  17  to  26). 

From  examination  of  the  collapsing  temperatures  of 
samples  in  the  two  phase  (3-(Ta,  Ti)2C-(Ta,  Ti)  region.  It  was  concluded 
that  the  peritectlc  trough,  initiating  in  the  Ta-C  binary,  slides  rather  quickly 
to  lower  carbon  concentrations.  This  path  is  depicted  in  conjunction  with 
a  liquidus  projection  of  the  whole  Ti-Ta-C  system  in  Figure  48. 

Extensive  use  of  the  differential  thermal  analysis 
technique  made  the  tracing  of  the  a-(3-(Ta,  Ti)  2C  transformation,  which 
begins  in  the  binary  Ta-C  system,  relatively  easy.  Figure  28  shows  a  com¬ 
pilation  of  the  information  obtained  from  DTA  samples  located  at  30  and 
33  At%  carbon. 

With  increasing  amounts  of  titanium,  the  |3-(Ta,  Ti)2C 
is  stabilized  to  lower  temperatures;  at  1815*C  the  (3-(Ta,  Ti)  2C  high  tem¬ 
perature  form  decomposes  eutectoidally  giving  rise  to  a  four-phase  reaction 
at  this  temperature.  Also  shown  in  Figure  28  is  the  plot  of  points  indicating 
the  temperature  dependence  of  the  metal-rich  |3-(Ta,  Ti)2C  boundary  upon 
the  titanium  concentration.  Finally,  the  incipient  melting  points  of  the 
alloys  at  30  and  33  At%  C  are  also  shown  in  Figure  ?8 . 

A  series  of  DTA  curves,  which  contributed  in  part 
to  the  information  compiled  in  Figure  28  is  shown  in  Figures  29  to  32. 

The  speed  of  the  transformation  (|3  — »  a)  involved 
here  is  easily  ascertained  by  relating  the  cooling  speeds  to  the  type  of  peak 
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Temperature, 


developed.  At  these  carbon  concentrations  (30  and  33  At%  C)  the  reaction 
involves  very  little  tantalum  metal  phase,  and  the  reaction  is  mainly  the 
transformation  of  the  (3-(Ta,  Ti)2C  to  a-(Ta,  Ti)2C.  The  sharper  the  peak 
is  at  fast  cooling  speeds,  the  more  rapid  the  physical  transformation  is. 
The  sharp  peaks  of  the  curves  at  the  rapid  cooling  speeds  show  that  the 
(3-a-transformation  occurs  quite  quickly,  although  X-ray  findings  (diffuse 
patterns)  indicate  that  the  transformation  is  not  of  the  martensitic  type. 


■  0  #(Ta,  Tit^C  Reaction 
O  p  —  (Ta,  Ti^C  Metal  Rich  Boundry 
O  Incipient  Melting 


Figure  28.  Ti-Ta-C:  Temperature  Variance  of  a-(3  (Ta,  Ti)2C 

Reaction,  (3-  Metal-Rich  Phase  Boundary,  and  Melting 
Points  of  DTA  Samples  with  30  and  33  At%  Carbon  at 
Various  Titanium  Concentrations. 
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Figure  29.  Ti-Ta-C:  Differential  Cooling  Curves  at  30  At% 
Carbon  with  14  -  50  At%  Titanium  Exchange 

a-(3-(Ta,  Ti)zC  Reaction  Under  Moderate  Cooling 
Conditions . 
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Figure  30.  Ti-Ta-C:  Differential  Cooling  Curves  at  33  At% 
Carbon  with  7.5-70  At*  Titanium  Exchange 

C onditions ! ' ReaCtion  Under  Moderate  Cooling 
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Figure  31.  Ti-Ta-C:  Differential  Cooling  Curves  at  30  At% 
Carbon  with  14-50  At%  Titanium  Exchange 

a-(3-(Ta,  Ti)2C  Reaction  Under  Rapid  Cooling  Conditions 
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Figure  32.  Ti-Ta-C:  Differential  Cooling  Curves  at  33  At% 
Carbon  with  7.5  -  70  At%  Titaniun  Exchange.  % 

a-P-(Ta,  Ti)2C  Reaction  Under  Rapid  Cooling  Conditions 


There  are  but  two  possible  reactions  involving  the 
-U  subcarbide.  which  mi.h,  occur  a,  ,h.  ph,„  „„„ 

1815-C  where  th,  -(Ta.Ti^C  reach.,  it.  tuaxltnuru  .debility 

The  first  possibility  is  the  termination  toward  the 
ternary  (titanium-richer  field)  of  the  RTa.  Ti)jC  <7>)  solid  solution  by  a 
Class  II  four-phase  reaction  according  to: 
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V  +  P  7  +  6 

followed  by  a  quasi-binary  eutectoid  reaction  isotherm  where  the 

ME*. Ti)2C  (y‘)  completely  vanishes  to  a  limiting  tie  line  at  some  intermediate 

composition  and  at  a  temperature  lower  than  that  of  the  four -phase  reaction 
plane. 

The  eutectoid  reaction  would  be 

71  7+6 


Progressing  from  higher  to  lower  temperatures, 
Figures  33  to  36  schematically  show  this  possible  four-phase  reaction  and 
the  ensuing  eutectoid  decomposition. 


Figure  33. 


ocnemauc  illustration  of  Phase  Equili„. 
Fir0sVtepFoOssIb-^Be  ReaCUOn  *• 
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Figure  34.  Ti-Ta-C:  Schematic  Illustration  of  Four-Phase 

Reaction  Plane  According  to  First  Possibility: 

T'  +  P  7+6 


Figure  Ti-Ta-C;  Schematic  Illustration  of  Phase 
Equilibria  Below  Four -Phase  Reaction  Pl«i 
According  to  First  Possibility. 
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Figure  36.  Ti-Ta-C:  Schematic  Illustration  of  Phase 

Equilibria  Below  Four-Phase  Reaction  Plane 
According  to  First  Possibility.  Disappearance 
of  p-(Ta,Ti)2C  into  a  Limiting  Tie  Line. 


The  second  possibility  is  the  termination  of  the 
P-(Ta,  Ti)2G  (7')  solid  solution  by  a  Class  1  four -phase  eutectoid  reaction 
according  to: 

71  Y+P  +  6 

Figure  37  shows  an  exploded  isometric  view  of  the  four-phase  reaction  plane 
according  to  the  second  possibility.  Isotherms  indicating  the  phase 
equilibria  above,  at,  and  below  the  second  type  of  four -phase  plane  are 
found  in  Figures  50  to  52. 

Both  four-phase  reaction  plane  possibilities  are 
equally  probable,  and  both  would  explain  the  reactions  at  the  four-phase 
plane. 
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The  second  possibility,  the  eutectoid  reaction 
according  to:  y1  *  y  +  5  +  P  was  given  preference. 

With  increasing  temperature  the  p-Ta2C  takes  increas¬ 
ing  amounts  of  "Ti^C"  into  solid  solution;  concurrently  the  liquid  area, 
which  leads  along  the  metal-rich  eutectic  trough,  gradually  progresses 
toward  the  center  of  the  diagram  (Figures  51  to  53). 

When  the  results  of  the  X-ray  analysis  of  samples 
with  15  or  less  atomic  percent  carbon,  which  were  used  for  melting  point 
measurements,  were  compared  with  those  of  solid  Btate  samples  in  the 
two-phase  (Ti,  Ta)2Cj  _x  -(Ti,  Ta)  region,  it  was  seen  that  samples  lying 
outside  the  solid  state  p -(Ta,  Ti)2C -(Ti,  Ta)C,  x  -(Ta,  Ti)  three-phase  region 
suddenly  showed  considerable  amounts  of  the  P-(Ta,  Ti)2C  phase. 

To  confirm  the  already  indicated  four -phase  reac¬ 
tion  and  to  ascertain  the  reaction  plane's  temperature,  DTA  samples  in 
this  region  (Figures  16  and  54)  were  investigated.  The  results  determined 
that  the  Class  II  four-phase  reaction  involving  the  liquid  on  the  eutectic 
trough  occurs  at  2020  +  15*C  according  to: 

y'  +  L  ^  6  +  p 

Figure  38  portrays  a  DTA  cooling  curve  of  one  of  the 
alloys  in  the  four-phase  quadrant. 

A  superpositioning  of  the  four -phase  quadrant  boundary 
line,  (Ti,  Ta)Cj  _x* Liquid,  determined  by  qualitative  X-ray  analysis  of  the 
melting-point  samples,  onto  the  melting  temperature  vs.  composition  plot 
metal-rich  eutectic  gave  a  four -phase  plane  reaction  temperature  of 
about  1970*C.  This  determination  is  in  fairly  close  agreement  with  the 
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Figure  38.  Tl-Ta-C:  45/23/32  DTA  Heating  and  Cooling  Curves 
of  an  Alloy  in  the  F our-Phase  Reaction  (IIJ  Quadrant 


far  more  accurate  temperature  of  2020’C  determined  from  DTA  cooling 
curves.  In  addition,  the  four -phase  reaction  temperature  determined  here 
is  in  excellent  agreement  with  the  2025'C  determined  by  J.  T.  Norton(31) 
on  samples  metallographically  investigated  for  incipient  melting. 

Figures  53  to  55  show  the  phase  relationships  below, 
at,  and  above  this  four -phase  plane. 


The  X-ray  and  metallographir  analysis  of  samples 
near  the  metal-rich  monocarbide  boundary,  on  the  titanium-rich  side, 
which  were  quenched  from  temperatures  between  2600*  and  3050’C,  indi 
cated  that  the  metal-rich  boundary  of  the  monocarbide  does  not  differ 
greatly  from  its  location  at  lower  temperatures.  No  metal  precipitates 
were  observed  in  the  monocarbide  grains  (Figures  39  and  40).' 
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Figure  39.  Ti-Ta-C:  53/12  35,  Quenched  from  3050’C 

Large  Monocarbide  Grains(Light)  With  Small  Amounts 
of  Metal(Grey  and  Black)Phase  at  the  Grain  Boundaries 


Figure  40.  Ti-Ta-C:  60/5/35,  Quenched  from  3025*C. 
Single  Phase  Monocarbide 


X1000 
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The  carbon -rich  boundary  of  the  monocarbide 
solid  solution  is  located  at  slightly  hypostoichiometric  compositions  over 
the  whole  range  of  metal  concentrations.  At  higher  temperatures,  the 
carbon  defect,  approximately  6  At%  C  at  the  melting  point  of  TiC0.7,  .  de¬ 
creases  along  a  smooth  boundary  toward  the  tantalum  side.  No  free-carbon 
analyses  from  samples  in  this  high  temperature  range  were  available;  how¬ 
ever.  no  significant  changes  indicating  a  deviation  from  a  smooth  boundary 
line  connecting  the  binary  solubility  limits  at  the  respective  temperatures 
were  indicated.  Figure  41  shows  the  solidus  temperatures  of  (Ta,  Ti)C 
alloys  at  45  At%  C . 
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The  melting  temperatures  of  the  carbon-rich 
eutectic  trough  were  measured  on  five  ternary  samples  containing  60 
and  65  At.%  carbon  (Figure  14).  The  samples  melted  fairly  sharply  indi¬ 
cating  that  the  eutectic  trough  aoes  not  lie  very  far  away  from  the  location  of 

the  samples.  The  melting  points  (Figure  42)  were  found  to  lie  along  an 
almost  linear  curve  connecting  the  TaC^,,  -C  and  TiC0.,4-C  binary  eutectics 
at  3445 ’C  and  2776  *C  respectively.  Figures  43  and  44  show  the  metallo- 
graphic  results  of  alloys  in  the  carbon-rich  region. 


L  50- 1.85  - Mole  %  TaC  _ ►  1.  50-l.  85 

1.50-1.  85 

Figure  42.  Ti-Ta-C:  Melting  Points  of  Monocarbide  - 
Graphite  Eutectic 

Tne  experimental  evidence  obtained  in  all  the  investi¬ 
gations  of  the  Ti-Ta-C  System  is  compiled  in  a  three-dimensional  space 
model  diagram  presented  in  Figure  45.  Since  the  reaction  rates  at  lower 
temperatures  are  expected  to  be  extremely  slow,  with  the  exception  of  the 
a-p-titanlum  transition  which  was  not  investigated  in  detail,  no  experimental 
investigations  were  carried  out  below  1000*C. 
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Figure  44.  Ti-Ta-C:  20/20/60  Quenched  from  3200 *C  X100 

Carbon -Graphite  Eutectic  Structure 


Figure  43.  Ti-Ta-C:  19/19/62  Quenched  from  3300*C  X100 

Primary  Graphite  Needles  in  Eutectic  Graphite- 
Carbide  Matrix. 
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A  series  of  temperature  sections  from  1500*C  to 
3800*C  are  presented  in  Figures  49  to  63  to  aid  in  the  visualization  of  the 
space  model. 

Small  temperature  intervals  were  taken  with  several 
adjacent  sections  in  the  vicinity  of  the  four -phase  reaction  phases  to  depict 
more  clearly  the  phase  equilibria  near  these  temperatures.  One  isopleth, 
at  30  At%  C,  (Figure  46)  containing  the  equilibria  of  the  metal-rich  portion 
of  the  ternary  Ti-Ta-C  system  is  also  presented;  should  the  need  for  further 
isopleths  arise,  they  may  be  easily  developed  from  the  temperature  sections. 

The  invariant  and  univariant  (p  =  const.)  reactions 
occurring  in  the  ternary  Ti-Ta-C  system,  along  with  those  reactions  of 
the  corresponding  binary  systems,  are  compiled  in  a  Scheil-Schultz 
diagram  shown  in  Figure  47. 


Figure  46  .  Ti-Ta-C:  Isopleth  at  30  At%  Carbon 
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A  diagram  showing  the  liquidus  curves  of  the  entire 
Ti-Ta-C  system  is  presented  in  Figure  48  as  a  final  supplement  to  the 
phase  equilibrium  data. 


Figure  48.  Ti-Ta-C:  Liquidus  Projection  of 

— •  • — •  • —  Maximum  Solidus  of  Monocarbide 
Solid  Solution. 
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li  Ti 

Figure  57.  Ti-Ta-C:  Isothermal  Section  at  250Q*C 


Figure  58.  Ti-Ta-C:  Isothermal  Section  at  2700#C 
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Figure  60.  Ti-Ta-C:  Isothermal  Section  at  3050*C 
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Figure  63.  Ti-Ta-C:  Isothermal  Section  at  3800*C 


IV.  DISCUSSION 

A.  PHASE  EQUILIBRIA 

This  study  of  the  Ti-Ta-C  ternary  system  is  the  first 
extensive  investigation  of  the  system  throughout  the  high  temperature  range. 
There  is  relatively  little  available  thermodynamic  data  concerning  the 
ternary  system,  and  a  detailed  thermodynamical  treatment  of  this  as  well 
as  other  ternary  systems  investigated  under  this  program  will  be  given  at 
a  later  date  in  a  separate  report. 

However,  it  may  be  stated  in  advance  that  the  slope  of  the 
tie  lines  in  the  (Ti,  Ta)Cj  _x-(Ti,  Ta)  two-phase  region  (Figures  49  through 
54)  confirm  the  fact  that  titanium  monocarbide,  compared  to  tantalum  carbide, 
has  the  more  negative  free  energy  of  formation.  Going  one  step  further, 
titanium  carbide,  however,  has  a  less  negative  free  energy  of  formation 
than  hafnium  carbide. 
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A  calculation,  at  1600’C,  using  values  known*36'  for  the 
stoichiometric  monocarbides,  yielded  a  free  energy  difference  between 
TaC  and  TiC  of: 


AGf(TiC)  -  AGf(TaC)  =  -3.330  cal/mol 

In  comparison,  the  free  energy  difference  obtained  from  hafnium  carbide 
and  tantalum  carbide*37'  is: 


AGf(HfCo_82 )  “  ^Gf(TaC0tg2)  =  -8,  500  cal/mol 


In  other  words,  hafnium  carbide  is  more  stable  than  titanium  carbide.  This 
fact  is  expressed  when  a  comparison  is  made  between  the  slopes  of  the  tie 
lines  in  the  (Hf.  TaJC.^Ta.Hf,  two-phase  region*38'  with  those  slopes  of 
the  tie  lines  in  the  corresponding  Ti-Ta-C  region. 

The  tie  lines  in  the  (Ti,  TaJC^-JTi,  Ta)  region  are  far  less 


Inclined  than  those  in  the  Hf-Ta-C  system,  showing  the  lower  stability  of 
titanium  carbide  compared  with  hafnium  carbide.  That  is  to  say.the  hafnium- 
tantalum  monocarbide  phase  of  a  two-phase  alloy  in  the  (Hf,  Ta)C, _x-(Ta, Hf) 
region  contains  far  more  hafnium  than  the  titanium-tantalum  monoLbide 
phase  contains  titanium  in  a  comparable  Ti-Ta-C  two-phase  alloy. 

Both  the  a  and  Pfcrms  of  TajC,  take  a  surprising  amount  of 
"Ti2C"  into  solid  solution;  this  fact  leads  to  the  conclusion  that  the  stability 
of  a  hypothetical  "T^C"  is  not  exceptionally  low.  The  peak  of  the  "Ti2C" 
phase  on  a  plot  of  free  energies  of  formation  versus  composition  in  the 
titanium-carbon  system  undoubtedly  lies  quite  close  to  the  tangent  line  con¬ 
necting  the  maximum  points  of  the  titanium  solid  solution  and  the  titanium 
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monocarbide.  This  supposition  will  be  elucidated  and  expressed  numerically 
using  the  data  obtained  from  these  phase  equilibria  investigations  in  the 
detailed  thermodynamical  treatment  of  this  and  other  ternary  systems 
given  at  a  later  date. 

B.  APPLICATIONS 

The  study  of  the  titanium-tantalum-carbon-system  has  shown 

^  th6re  18  4  rathCr  Ur«C  ternary  system  where  the  metal 

solid  solution  is  in  equilibrium  with  the  monocarbide.  Admittedly,  the 

very  high  temperature  applications  of  possible  composite  materials  in  the 

titanium  metal-rich  region  are  greatly  limited  by  the  appearance  of  liquid 

tamum  side  of  the  ternary  at  temperatures  above  1650*C.  However 

with  the  proper  selection,  the  maximum  safe  application  temperature  of 

composite  bodies  in  this  region  would  appear  to  be  somewhat  in  excess  of 
1800  *C .  For  rocket  nozzle  appUcationa  using  a  principie> 

these  temperatures  are  quite  low.  Another  similar  limiting  factor  is  the 
lower  melting  points  of  the  monocarbide  solid  solution  itself,  compared 
with  similar  alloys  in  other  ternary  carbide  systems.  In  fact,  the  much  lower 

ng  point  of  the  ‘Itanium-rich  carbide  solid  solution,  as  well  as  the 

even  lower  melting  titanium-rich  monocarbide -graphite  eutectic,  would 

severely  limit  very  high  temperature  applications  of  a  titanium-rich  carbide 

so  ution  in  contact  with  graphite  even  though  there  are  no  detrimental  phase 

transformations  in  the  monocarbide  solid  solution  as  there  is  in  the  sub¬ 
carbide. 

Over  U«  »„ch  „„  b„„  ^ 

or  gtiadiag  ,oo>,  b...d  „  CMnM„ao„ 
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the  binding  substances  for  these  carbides  have  been  in  general  cobalt, 
nickel,  and  iron.  The  working  speeds  of  these  tools  has  had  to  be  limited 
to  prevent  the  heat  produced  from  deforming  or  even  melting  the  tool  itself 
It  would  seem  possible  to  try  to  develop  new  cutting  tools 
using  the  refractory  metals  and  their  alloys  as  a  binder  for  the  various 
carbide  combinations.  The  necessary  basic  equilibria  in  this  and  other 
carbide  systems  exist;  further  investigations,  both  thermodynamical  and 
experimental,  would  show  how  much  of  beneficial  substitutional  and  addi¬ 
tional  materials  would  be  tolerated  by  a  given  equilibrium  before  the 
equilibrium  ceases  to  exist. 

In  the  light  of  the  views  and  the  facts  expressed  above,  it 
appears  that  the  titanium -richer  alloys  of  the  Ti-Ta-C  system  show  little 
promise  for  extremely  high  temperature  applications.  However,  when  and 
tf  the  mechanical  properties  of  such  alloys  are  investigated,  it  may  be 
found  that  many  lower  temperature  applications  indeed  become  feasible. 
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